We report a new kind of broadly tunable optical bandpass filters based on unusual properties of long-range surface plasmon polaritons. A 0.004 variation in the refractive index of the dielectric medium translates into 210 nm of bandpass tuning at telecom wavelengths. The tuning mechanism reported here may be used to create compact and widely tunable optical systems and other plasmonic components with broadly tunable optical response. © 2011 Optical Society of America OCIS codes: 240.6680, 250.5403, 230.7408, 230.7400. Broad spectral tunability is a desired feature of many photonic and plasmonic components, such as optical filters, semiconductor lasers, and plasmonic materials. The operating principle of compact monolithic photonic filters, such as Mach-Zehnder interferometers, Bragg reflectors, microresonator filters, and distributed feedback lasers, relies on light reflection and interference phenomena [1, 2] . As a result, a change in the dielectric constant of a filter medium results in the shift in bandpass wavelength according to the equation
Broad spectral tunability is a desired feature of many photonic and plasmonic components, such as optical filters, semiconductor lasers, and plasmonic materials. The operating principle of compact monolithic photonic filters, such as Mach-Zehnder interferometers, Bragg reflectors, microresonator filters, and distributed feedback lasers, relies on light reflection and interference phenomena [1, 2] . As a result, a change in the dielectric constant of a filter medium results in the shift in bandpass wavelength according to the equation
where λ 1 , λ 2 are the two device operating wavelengths that correspond to the two values of the refractive index of the device medium, n 1 and n 2 . Since the relative refractive index variation in transparent dielectrics is limited to ≤1% for thermo-optic and electro-optic materials and ≤15% for liquid crystals, the tuning range of these devices is limited. Optical systems with broader tuning ranges are required for many applications, in particular for various spectroscopic and imaging systems. As a result, a number of approaches to produce optical elements with widely tunable response have been developed using mechanical and micromechanical elements [2, 3] and acousto-optic modulation [4] and employing coupled cavities or multisection filters [5] [6] [7] . However, all these approaches increase optical system complexity and size.
Here we show that long-range surface plasmon polariton (LR SPP) waveguides may be used to produce simple monolithic optical components in which a given variation of the refractive index of the dielectric cladding material may be translated into any desired filter tuning range. The tuning mechanism reported here may be used to create monolithic bandpass filters with tuning ranges spanning over more than an optical octave, compact and widely tunable diode and quantum cascade laser systems, multispectral imagers, and other plasmonic components with broadly tunable optical response.
The LR SPP is a symmetric TM polarized optical mode that exists in thin (∼10-50 nm) metal films embedded in dielectrics with similar refractive indices above (n t ) and below (n b ) the metal [8] [9] [10] [11] , see Fig. 1(a) . Physically, LR SPP originates from coupling of the two surfaceplasmon-polaritons waves at the metal/top dielectric and metal/bottom dielectric interfaces to form a low-loss symmetric mode [8] [9] [10] [11] . As illustrated in Fig. 1(b) , the LR SPP optical mode is well confined and well matched to modes in optical fibers and ridge waveguides [12] . However, as soon as the refractive indices n t and n b of the cladding dielectrics are even slightly mismatched, the LR SPP mode first becomes severely distorted (see Fig. 1(c) ) and then leaky (see Fig. 2(a) ) [9, [13] [14] [15] [16] [17] .
Because of low modal loss, good mode matching to optical modes in fibers, and very simple fabrication steps, LR SPP waveguides have attracted considerable attention recently. A large number of LR SPP-based lightwave devices, including waveguides, couplers, modulators, distributed Bragg reflectors, and optical amplifiers, have been proposed and demonstrated recently [12, [18] [19] [20] [21] [22] [23] . However, the possibility of using LR SPP modes to create very broadly tunable plasmonic devices that we report here has been unnoticed and unexplored before.
Figure 2(a) shows the calculated LR SPP mode power attenuation, coupling loss, insertion loss, and cutoff point for 5 mm long LR SPP waveguides with different metal stripe width integrated with single-mode optical fibers (SMF-28). We assume λ ¼ 1:55 μm, n b ¼ 1:5, and n t ¼ 1:5 þ δn for the calculations. For numerical calculations, a commercial finite-element package (COMSOL 3.5a) was used to solve the LR SPP mode's complex effective index n eff . The mode power attenuation was determined from the imaginary parts of the n eff . The total insertion loss was calculated using the power attenuation during the propagation and the LR SPP mode coupling and out-coupling loss at the input and output facets. The coupling/out-coupling loss was evaluated by calculating the overlap integral of the fiber mode (SMF-28) and LR SPP mode. We note that LR SPP mode is the only mode supported by this waveguide [16, 20] . As shown in Fig. 2(a) , the insertion loss is extremely sensitive to δn ¼ n t − n b . To build a widely tunable bandpass filter out of LR SPP waveguide, we propose using dielectrics with dissimilar refractive index wavelength dispersion as top and bottom cladding. The filter operation is schematically shown in Fig. 2(b) . Because of the extreme sensitivity of LR SPP loss on δn, LR SPP mode is only supported at wavelength λ for which n t ðλÞ ≈ n b ðλÞ. A small change in the refractive index of the top dielectric (δn t ) may now be translated into the large shift in the LR SPP filter bandpass (δλ) according to the equation
where dn t =dλ and dn b =dλ are the refractive index dispersion of n t and n b . Since the value of (dn t =dλ − dn b =dλ) may be controlled by a proper choice of materials (or a combination of materials for composite cladding layers), we can control the tuning range of the filter (δλ) for a given value of δn t . The bandpass width of the LR SPP filter is determined by the sensitivity of the coupling/ propagation loss in the LR SPP waveguides to δn ¼ n t − n b (see Fig. 2(a) ) and the difference in the refractive index dispersions of the top and bottom dielectrics (see Fig. 2(b) ).
To demonstrate the proposed tuning mechanism experimentally, we operated at near-IR wavelengths (λ ¼ 1:2-1:8 μm) and used a set of five refractive-indexmatching fluids as the top dielectric. The experimental configuration is depicted in Fig. 3 . The LR SPP waveguide was made of a 4 μm wide 20 nm thick stripe of gold deposited on an optically thick (11 μm thick) layer thermally grown SiO 2 on a silicon substrate. For the experimental demonstration of an LR SPP optical filter, the sample was mounted and covered by refractive index matching fluids. A tunable diode laser (λ ¼ 1482 nm-1592 nm) and a broadband source (λ ¼ 400 nm-2000 nm) coupled to a polarization-maintaining fiber (PMF) were used to excite the LR SPP mode via end-fire coupling of light. The diode laser was coupled to the PMF to provide TM polarized input to the LR SPP waveguide (as verified by a polarizer); radiation from the broadband source was unpolarized. We note that only TM polarized light can couple to LR SPP. A broadband source was used to obtain data in Fig. 4(b) . A brighter diode laser source was used to obtain the data in Figs. 4(c) and 4(d) . The output light was collected by SMF coupled to an optical power meter or optical spectrum analyzer. Both fibers were mounted on a three-axis auto-alignment system. The positions of the input and output fiber were adjusted to maximize the transmitted output power. To obtain transmission spectra of the LR SPP filters, the power spectrum of the LR SPP output was normalized to the power spectrum of the TM polarized component of the input light.
The refractive index dispersion curves for SiO 2 and five different refractive-index-matching fluids are shown in Fig. 4(a) . Figure 4(b) shows simulated and experimental power transmission spectra through the 3:1 mm long LR SPP filter. Simulated transmission spectra were calculated using the refractive index dispersion data in Fig. 4(a) and assuming the LR SPP mode is coupled and out-coupled to a SMF. As expected, the filter peak transmission occurs at wavelengths for which n t ðλÞ ¼ n b ðλÞ; the experimental data of the transmission bandwidth is in good agreement with the theoretical curves. Experimentally, a 0.004 variation in the refractive index of the cladding dielectric translates into 210 nm of bandpass tuning at telecom wavelengths.
Figures 4(c) and 4(d) show measured horizontal and vertical mode profiles in the LR SPP waveguide for different wavelengths of light. In this experiment, type five refractive-index-matching fluid was used as the top cladding dielectric and a tunable diode laser was used as the light source in the end-fire geometry. As expected, the vertical profiles of the LR SPP mode become more distorted as light wavelength moves away from the spectral point at which n t ¼ n b . At the same time, the horizontal LR SPP mode profiles become slightly broader, maintaining their symmetric shape.
To make practical solid-state filters, one can use thermo-optic materials, electro-optic crystals, or liquid crystal films as the dielectric with tunable refractive index. The bandpass width of the filters may be controlled by changing the design parameters of the LR SPP waveguides to make them more or less sensitive to δn (see Fig. 2(a) ). We note that the cutoff point in LR SPP waveguides may be set at an arbitrarily small value of δn by reducing the width and/or thickness of the gold stripe [20] . The bandpass may be narrowed (at the expense of tuning range) by choosing top and bottom dielectric cladding materials with a larger difference in refractive index dispersions [see Eq. (2)]. We note LR SPP filters are expected to operate equally well in the mid-IR spectral range (λ ¼ 3-15 μm), which is very important for chemical sensing and spectroscopy.
In summary, we have demonstrated that LR SPP waveguides may be designed to operate as tunable optical dissipative bandpass filters. The filter design allows one to translate a given refractive index tuning range of the top dielectric cladding into a desired filter bandpass tuning range. The filters are simple in fabrication and may be integrated with fiber-optic and semiconductor laser systems to create optical components with widely tunable spectral response. While it may be difficult to reduce the bandpass of these filters to that of high-fidelity Bragg or microresonator filters, the broad tuning range of these devices is appealing, in particular, for spectroscopic applications and imaging.
